Synthesis of wild-type Neurospora crassa assimilatory nitrate reductase is induced in the presence of nitrate ions and repressed in the presence of ammonium ions. Effects of several Neurospora mutations on the regulation of this enzyme are shown: (i) the mutants, nit-1 and nit-3, involving separate lesions, lack reduced nicotinamide adenine dinucleotide (NADPH)-nitrate reductase activity and at least one of three other activities associated with the wild-type enzyme. 
Synthesis of wild-type Neurospora crassa assimilatory nitrate reductase is induced in the presence of nitrate ions and repressed in the presence of ammonium ions. Effects of several Neurospora mutations on the regulation of this enzyme are shown: (i) the mutants, nit-1 and nit-3, involving separate lesions, lack reduced nicotinamide adenine dinucleotide (NADPH)-nitrate reductase activity and at least one of three other activities associated with the wild-type enzyme. The two mutants do not require the presence of nitrate for induction of their aberrant nitrate reductases and are constitutive for their component nitrate reductase activities in the absence of ammonium ions. (ii) An analog of the wildtype enzyme (similar to the nit-i enzyme) is formed when wild type is grown in a medium in which molybdenum has been replaced by vanadium or tungsten; the resulting enzyme lacks NADPH-nitrate reductase activity. Unlike nit-i, wild type produced this analog only in the presence of nitrate. Contaminating nitrate does not appear to be responsible for the observed mutants' activities. Nitrate reductase is proposed to be autoregulated. (iii) Mutants (am) lacking NADPHdependent glutamate dehydrogenase activity partially escape ammonium repression of nitrate reductase. The presence of nitrate is required for the enzyme's induction. (iv) A double mutant, nit-i am-2, proved to be an ideal test system to study the repressive effects of nitrogen-containing metabolites on the induction of nitrate reductase activity. The double mutant does not require nitrate for induction of nitrate reductase, and synthesis of the enzyme is not repressed by the presence of high concentrations of ammonium ions. It is, however, repressed by the presence of any one of six amino acids. Nitrogen metabolites (other than ammonium) appear to be responsible for the mediation of "ammonium repression." In Neurospora crassa, reduced nicotinamide adenine dinucleotide (NADPH)-nitrate reductase is the first enzyme of the nitrate assimilatory pathway that converts nitrate to nitrite in the ultimate conversion of inorganic nitrogen to L-glutamic acid (20) . Formation of the wild-type enzyme is induced by the presence of its substrate, nitrate, or its reduced product, nitrite, and is repressed by the presence of ammonium ions in the medium (15) . In this paper, its regulation is reinvestigated, using several N. crassa mutants.
Wild-type nitrate reductase is a cytochrome b,%7-containing sulfomolybdoflavoprotein of about 230,000 molecular weight (9, 10 (24) . The nit mutants, unable to grow on nitrate as a sole nitrogen source, lack the NADPH-nitrate reductase activity and one or more of the other three enzymatic activities associated with wild-type nitrate reductase. (i) The nit-i mutant lacks the molybdenum cofactor shown above. Consequently, it possesses only the FAD-dependent NADPH-cytochrome c reductase activity and is deficient in the latter two activities of the electron flow scheme, namely FADH2-and MVHnitrate reductase activities, as well as the overall NADPH-nitrate reductase activity (14, 16) . Furthermore, the nitrate reductase enzyme may be assembled in vitro by incubation of cell-free extracts of nit-i with acid-treated molybdenumcontaining enzymes from various sources (16) . This process is referred to as in vitro "assembly activity." (ii) The nit-3 mutation affects a protein constituent of nitrate reductase inactivating the first portion of the electron flow chain (1). The nit-3 mutant lacks NADPH-nitrate reductase and FAD-dependent NADPH-cytochrome c reductase activities but possesses both FADH2-, and MVH-nitrate reductase activities. Extracts of the nit-3 mutant display an unusually high specific activity of MVH-nitrate reductase, 10 to 20 times that found in extracts of wild type. This high activity may be due to a tertiary structural change that enhances the exposure of residues important for binding of reduced methyl viologen (1). (c) The nit-2 mutants appear to lack all four of the wild-type nitrate reductase activities, although they possess the molybdenum cofactor (14, 16) . The nit-2 mutations are believed to affect a regulatory control element (21 One such strain was saved for further study.
Mycelial extracts. Cell-free extracts for the nitrate reductase assay were prepared from frozen mycelia (14) . DTE replaced dithiothreitol in the homogenizing buffer.
Assays. NADPH-, FADH2-, and MVH-nitrate reductase activities were assayed by the colorimetric determination of nitrite formation (10) . The NADPHnitrate reductase assay was modified by replacing FAD with riboflavine 5'-phosphate (9). For the above nitrate reductase assays, one enzyme unit is defined as 1 nmol of nitrite formed per 10 min.
FAD-dependent NADPH-cytochrome c reductase assay was modified by the addition of 0.05 ml of 1 mM KCN (9) . FAD-independent NADPH-cytochrome c reductase activity is a constitutive enzyme that is not associated with nitrate reductase (9) . One enzyme unit is defined as 1 nmol of cytochrome c reduced per min, using an extinction coefficient for cytochrome c of 2.1 x 104 cm2/m (10) .
The in vitro assembly of NADPH-nitrate reductase activity was followed by a procedure modified from
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Nason and Lee (14) . The assay for assembly activity was as follows: 0.02 ml of purified bovine milk xanthine oxidase (17) was added to 0.94 ml of 0.1 M NaCl, previously adjusted to pH 2.5 with 1 N HCI. The mixture was swirled and incubated for exactly 1 mm at 4°C, followed by addition of 0.04 ml of 0.1 M potassium phosphate buffer, pH 7.3, containing 0.5 mM ethylenediaminetetraacetic acid and 0.5 mM DTE. After swirling, a 0.2-ml sample was removed and incubated for 15 min at room temperature with 0.4 ml of an extract of either nit-I or nit-i am-2 and assayed for NADPH-nitrate reductase activity.
The NADPH-dependent glutamate dehydrogenase activity was assayed with the Gilford model 2000 spectrophotometer. The reaction mixture consisted of 0.05 ml of 0.256 M a-ketoglutaric acid (monosodium salt), 0.05 ml of 0.344 M NH4Cl, 0.05 ml of 1.47 mM NADPH, 0.1 ml of diluted enzyme, and sufficient 0.2 M tris(hydroxymethyl)aminomethane-hydrochloride, pH 7.5, to make a total volume of 1 ml. The reaction was started by addition of the reduced pyridine nucleotide and followed by measuring the decrease in absorbance at 340 nm. The readings were corrected for endogenous oxidation obtained in the two assays: (i) without addition ofthe reduced pyridine nucleotide, and (ii) without addition of a-ketoglutarate. One enzyme unit is equal to the change in absorbance at 340 nm of 1.0 optical density unit per min.
Protein was determined by the method of Lowry et al. (13) . All specific activities are given as enzyme units per milligram of protein.
Determination of contaminating nitrate in the medium. The nitrogen-free medium was assayed for contaminating nitrate by using a portion of the medium as the substrate for the NADPH-nitrate reductase assay. The assay was modified as follows: 1 ml of the medium replaced both the potassium phosphate buffer and the nitrate solution, and the reaction time was increased to 3 h. (Fig. lA and 2A) . The NH4Cl-pregrown mutant mycelia (nit-i and nit-3) also contain low activities but, in contrast to the wild type, can form their residual nitrate reductase activities on both nitrate-containing and nitrogen-free media without an increased lag observed ( Fig. 1 and 2) . Moreover, when nitinduction was observed over a 10-h period, the activities were only moderately stimulated by the nitrate induction medium above that of the nitrogen-free medium; i.e., 80% of the nitrate reductase activity was obtained by induction on the nitrogen-free medium, as determined by the FAD-dependent NADPH-cytochrome c reductase and in vitro assembly activities described above ( Fig. lB and 10) . Likewise, MVH-nitrate reductase of nit-3 was induced to 80% the level 
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The inactive enzyme is not formed to as high a level (only 14 to 45% of the nitrate control) in the presence of NH4Cl or urea in the absence of a nitrogen source. The highest induction observed on media other than nitrate was on nitrogen-free medium containing 0.1 mM W042-and was 45% of the nitrate control. This is to be contrasted to the 80 to 100% induction of the mutants nit-i and nit-3 on nitrogen-free or urea medium as compared with nitrate medium (Table 1, Fig. 1 and 2) . Although the tungsten and vanadium analogs of the enzyme had lost virtually all of their NADPH-nitrate reductase activity, they still possessed the same regulatory requirement as the normal wild-type enzyme, being induced only in the presence of nitrate. (Tables 5 and 6 ). By contrast, no induction occurred in media deficient in nitrate, i.e., media containing ammonium chloride or no source of nitrogen.
Induction on ammonium nitrate medium resulted in striking differences in enzyme levels between wild type and the am mutants (Table  5 ). The presence of ammonium ions (added as NH4N03) had little effect on the NADPH-nitrate reductase level in the two am mutants, whereas a roughly 10-fold inhibition was observed of the wild-type enzyme. At higher concentrations of ammonium ions, marked differences also were observed between wild type and am-2 (Fig. 3) . At the highest concentration of bThe indicated compound is the sole source of nitrogen in the medium and was present at a concentration of 80 mM. (Tables 5 and 6 ). The presence of ammomum ions inhibits the induction of nitrate reductase in wild type but not so severely in the am-2 mutant (Table  6 ; Fig. 3 ). By contrast, nit-I does not require nitrate for induction of nitrate reductase; it forms high enzymatic levels in the absence of ammonium ions on medium containing either nitrate or no source of nitrogen and low but significant amounts on ammonium nitrate or ammonium chloride medium ( (Fig. 4A and 4C) ; both FAD-dependent NADPH-cytochrome c reductase and in vitro assembly activities are repressed by about 70%. By contrast, high concentrations of neither salt significantly repressed nitrate reductase in the nit-i am-2 double mutant ( Fig. 4B and 4D ). Therefore, ammonium ions do not appear to be the mediator of ammomum repression.
Six amino acids were tested and found to inhibit FAD-dependent NADPH-cytochrome c reductase activity equally in the nit-i and nit-i am-2 mutants ( Table 7 ). The product of NADPH-GDH, L-glutamic acid, inhibited induction by about 30% in both strains. The other amino acids tested inhibited the two strains by 10 to 75% (Table 7) . DISCUSSION The present studies indicate that the regulation of assimilatory nitrate reductase synthesis in Neurospora is far more complex than hitherto believed. On the one hand, synthesis of the wildtype enzyme is induced, requiring nitrate, its substrate, or nitrite, its product, as the inducing agent. On the other hand, synthesis ofthe partal nitrate reductase activities of the mutants nit-i and nit-3 are clearly constitutive, although the presence of nitrate somehow causes a moderate increase in activity. These observations concur with those recently reported by Coddington (4). The nit mutants' apparent constitutive formation oftheir partial activities ofnitrate reductase as indicated above cannot be ascribed to induction by contaminaig nitrate.
The observation that, unlike nit-i, the tungsten and vanadium analogs of wild type exhibiting partial enzymatic activity (FAD-dependent NADPH-cytochrome c reductase asinnit-1) still remain inducible, suggests that the lack of the physiologically important enzymatic activity (NADPH -* NO3 reductase) is not sufficient to change regulation of the enzyme. Consequently, the formation of nitrite in situ is not necesary for enzyme induction. Something more basic has occurred in the derepression of the mutants nit-I and nit-3.
The above results in Neurospora appear to follow the same pattern reported forAspergiUus by Cove et aL (5). Their proposed model may well apply to Neurospora. They attributed the phenomenon to an autoregulation mechanism whereby the wild type constitutively synthesizes low levels of nitrate reductase in the absence of nitrate and induces high levels in the presence of nitrate. According to their proposal, the constitutively formed wild-type enzyme is postulated to be partly responsible for its own repression. In the presence of nitrate, the wildtype enzyme is blocked in its regulatory function so that it is unable to repress its own synthesis.
Induction results. In the nitrate reductase mutants, the aberrant nitrate reductase enzyme (unlike wild type) is hypothesized to be unable to repress its own synthesis; consequently high enzymatic levels are formed in the absence of nitrate.
The regulatory effect of ammonia deserves careful attention. In N. crassa, NADPH-GDH is the major pathway for the incorporation of ammonium (8) . The am mutants that lack this activity are unable to grow on ammonium chloride as the sole nitrogen source (7, 8) , although ammonium transport appears to be unaffected (unpublished data; 3). Moreover, the am mutants do not exhibit repression of nitrate reductase at low concentrations of ammonium ions (Table 5) (3) . It should be emphasized, however, that the correlation between the lack of NADPH-GDH activity and the lack of ammonium repression is not an all-or-none effect, for, as we have shown at higher concentrations of ammonia, appreciable repression of nitrate reductase occurs in am-2 (Fig. 3) .
The presence of ammonium ions or one of several amino acids has been demonstrated to ignificantly inhibit nitrate uptake (23) . For this reason, the partial repression in the am mutant by ammonium ions (Fig. 3) or by L-gu ic acid (3) may be the result of either inducer exclusion or inhibition of nitrate reductase synthesis. Since nitrate is not required for induction, the constructed double mutant nit-1 am-2 was an ideal test system to study the effects of ammonium ions, or its metabolites, on repression of nitrate reductase without consideration of nitrate presence. The double mutant nit-i am-2 showed no repression by high concentrations of the ammonium ion (Table 6 ; Fig. 4 ). Therefore, ammonium ions do not appear to be the effectors of the observed "a onium repression" of nitrate reductase in wild type. Induction of nitrate reductase in both the nit-1 mutant and the nit-i am-2 double mutant was equally inhibited by the presence of any one of six tested amino acids (Table 7) . This suggests that a nitrogen metabolite (other than the ammonium ion) is responsible for the mediation of "ammonium repression."
